This study represents the first attempt to acquire basic information on the feeding, reproduction and development of the copepod Clausocalanus furcatus. This small oceanic calanoid benefits from low phytoplankton concentrations and has a swimming behaviour which differs dramatically from that of other small copepods. Our preliminary results may be indicative of the success of this species in oligotrophic waters.
Studies on the biology and dynamics of marine planktonic copepods have been traditionally focused on large representatives, whereas the importance of small species has been generally neglected or underestimated. Only recently, some field studies have provided evidence that the role of the small (0.2-0.5 mm) and medium (0.5-1 mm) size fractions of mesozooplankton in pelagic fluxes is greater than previously assumed, as they can be responsible for most of the grazing impact on phytoplankton production (e.g. Morales et ai, 1991; Dam et ai, 1993) .
Among the small marine calanoids, Clausocalanus (-0.7-1.5 mm, total length) is one of the most widespread genera, occurring over a wide latitudinal range (Frost and Fleminger, 1968; Hure and Scotto di Carlo, 1970; Williams and Wallace, 1975) . However, it has received little attention in comparison to its neritic counterpart, Pseudocalanus, which has been exhaustively studied (e.g. Corkett and McLaren, 1978; Ohman, 1990) .
To understand better the ecological success of the genus Clausocalanus, the interactions between these small calanoids and their food environment were examined. Clausocalanus furcatus (Brady, 1883) was chosen as the target species. It is epipelagic and occurs circumglobally in the tropical and subtropical open oceans (Sameoto, 1986; Fragopoulu and Lykakis, 1990) . It was reported as one of the dominant species in oceanic waters off the south-eastern USA, but was also found frequently on the shelf (Bowman, 1971) . It dominated in the Caribbean (Webber and Roff, 1995a) , accounting for up to 32% of total copepod biomass in the upper 200 m of the water column (Webber and Roff, 1995b) . It is very common in the oceanic Gulf Stream and Sargasso waters (Grice and Hart, 1962; Schulz, 1986) , as well as on the Brazilian continental shelf (Bjornberg, 1980; Valentin and Monteiro Ribas, 1993) and in Mediterranean regions (Siokou-Frangou et ai, 1997) . The quantitative development of C.furcatus populations in different trophic environments, from the extremely oligotrophic offshore, such as the Eastern Mediterranean (Azov, 1991) , to very enriched coastal waters (Mazzocchi and Ribera d'Alcala, 1995) , might result from distinctive traits in its biological and/or behavioural performances. So far, almost nothing is known about the biology of C.furcatus (and Clausocalanus in general) . Scanty data are only reported for egg production rates in natural populations (Sazhina, 1985 (Sazhina, , 1987 Webber and Roff, 1995b) .
The present work represents the first attempt to acquire basic information about some aspects of the feeding, reproduction and development of C.furcatus, rearing the species in the laboratory, and observing the behaviour of wild and cultured animals, at phytoplankton concentrations approaching the values found on the south-eastern continental shelf of the USA (Paffenhofer and Lee, 1987) .
The study was carried out at the Skidaway Institute of Oceanography (Savannah, GA) from May to December 1994. The copepods were collected on the middle to outer shelf off Savannah, and at the edge of the Gulf Stream, where Cfurcatus occurred with highest abundances from July to October. Oblique hauls were briefly and gently performed from a few metres above the bottom (20-40 m depth) to the surface, using a WP2 net (200 urn) with a 4 1 plastic bucket as codend. Clausocalanus furcatus adult females (1.02-1.05 mm total length) were sorted from diluted samples with large-mouth pipettes and placed temporarily in glass jars filled with seawater pumped from the surface. In the laboratory, the copepods were transferred to 1920 ml screw-cap jars (sealed with plastic film to preclude air bubbles), placed on a slow-moving Ferris wheel (-0.2 r.p.m.) and acclimated to laboratory conditions within the following 12-24 h. All experimental work was conducted at 20°C in a temperature-controlled room and on a light:dark cycle of 14:10 h.
Five experiments were conducted to measure the feeding rates of adult, nonovigerous females and juveniles of C.furcatus in the presence of motile cells at low concentrations (Table I) . For each experiment, two jars with phytoplankton but without copepods served as controls for algal growth. Glass jars of different volumes were used for adult, non-ovigerous females (1920 ml) and copepodites (960 ml). Medium (F/10) was always added to all jars (10 ml H) to supply nutrients to the algae. The copepods were acclimated to the food conditions during the 24 h preceding each experiment. Food concentrations in the experimental (with copepods) and control (only algae) jars were determined at the beginning and the end of the feeding period (24 h) by counting subsamples with an inverted microscope (for each subsample, three replicates of 24 ml were counted in settling chambers). Copepod ingestion rates were calculated and corrected for algal growth using the equations of Frost (1972) . The copepods recovered at the end of each experiment were counted and the size measured. The dry weight was measured on replicates of tens of non-ovigerous females dried in the oven at 60°C for 24 h.
The number and frequency of clutch formation, clutch size and female longevity were recorded for single females during two experiments. ExpR-I was run using eight wild females, from 16 May to 11 June (specimens fl-f3) and from 21 June to 8 July 1994 (specimens f4-f8). The food supplied was a mixed diet of the dinoflagellate Gymnodinium nelsoni (syn.: G.splendens, G.sanguineum, Steidinger and Tangen, 1996; -53 x 37 urn, -35 000-45 000 um 3 ,129 ug C mm" 3 G.n., Paffenhofer, 1976) and the flagellate Rhodomonas sp. (-12 um length, -300 urn 3 cell volume, ~160 \ig C mm" 3 ), at two different concentrations (0.3 and >1.0 mm 3 I" 1 for each species). ExpR-II was run from 6 September to 4 October using six females sampled at sea (specimens fll, fl2, fl5, fl6, f20 and f21) and seven females from the second generation reared in the laboratory (specimens f9, flO, fl3, fl4, fl7, fl8 and fl9). The food supplied was a unialgal diet of G.nelsoni, Rhodomonas sp. or the diatom Thalassiosira weissflogii (-13 urn) at a concentration of 0.1 mm 3 H. Both experiments started with active ovigerous females in perfect physical conditions and lasted until the death of the last copepod. Rather low food concentrations were chosen because we observed high mortality of early juveniles at higher food concentrations in preliminary experiments. The females were individually placed in 100 ml dishes containing pre-conditioned filtered seawater. Although the small volumes do not provide optimal conditions for oceanic fast-moving copepods, they allowed us to check the animals quickly at frequent intervals (from tens of minutes during the first days to a few hours successively).
In each dish, the medium was changed every day. The eggs carried by females were counted under a dissecting microscope on the live animals, which were gently immobilized on a slide in a small drop of seawater for the shortest time possible (1-3 min). Owing to the shortage of fit specimens for our observations, only a low number of females were monitored and statistical tests could not therefore be applied to the data. Development times were measured during rearing experiments which started from C.furcatus adult females collected in the ocean during seven sampling occasions, from May to October. The copepods (<10 ind. I" 1 ) were incubated in 1920 ml glass jars filled with GF/F-filtered seawater (half fresh and half preconditioned, i.e. water where copepods had been previously feeding) and placed on the Ferris wheel. The copepods were fed on mixed suspensions of G.nelsoni and Rhodomonas sp. at a concentration of 0.2 mm 3 I" 1 for each phytoplankton species. The food concentration was measured every day by using a TAII Coulter Counter and adjusted to be maintained at the desired value. Nutrients (F/10 medium) were added to each jar daily at a concentration of 10 ml I" 1 . The copepods were transferred to new media every 3-7 days to minimize the ageing of the algae and the contamination by bacteria.
Independent of the surrounding environment (volume, crowding, food), females and copepodid stages of Cfurcatus always showed a very characteristic swimming behaviour. They moved incessantly along short tracks similar to multisided irregular polygons, at high speed (mean velocity = 10 mm s" 1 , unpublished data from our video recordings made with a modified CritterCam®; Strickler, 1985) . Swimming was continuous in both light and dark conditions (some observations were also made using an infrared laser), and only rarely did copepods take very short pauses (<2 s), after which they moved to resume curling a few centimetres away.
When females were feeding on G.nelsoni, clearance and ingestion rates appeared to be directly related to food concentrations at the low phytoplankton levels offered (Table II) . Mean clearance rates were 29.0 ml female" 1 day" 1 at the lower (0.1 mm 3 H) and 47.0 ml female" 1 day" 1 at the higher (0.2 mm 3 I" 1 ) food level. Mean daily ingestion rates were 55.7 cells female -1 day 1 (at 0.1 mm 3 I" 1 ) and 174.2 cells female" 1 day-1 (at 0.2 mm 3 I" 1 ). Copepodid stages (CII-V) had much higher clearance rates on the larger G.nelsoni than on Rhodomonas sp. Clausocalanus furcatus females carry their eggs in a cylindrical mass wrapping the abdomen. Scanning electron microscopy images show some evidence of the remains of a very thin membrane which seems to surround the eggs (Figure 1 ). However, since it is not yet clear whether eggs are simply connected by or enclosed in this veil, we think it more appropriate to speak of an egg mass instead of an egg sac (Corkett and McLaren, 1978) . The egg mass is generally pinkish when full developed; it is dark and opaque during the formation phase, and the single eggs are indistinguishable, such as those reported for Oithona similis (Sabatini and Ki0rboe, 1994) . The egg mass seems to be very fragile and is immediately discharged when the female is disturbed by external agents. Single eggs ranged from 50 to 78 urn in size, with size being inversely proportional to the number of eggs in the mass. We never observed Cfurcatus mating, even in small dishes where couples were isolated and frequently monitored under the dissecting microscope.
Our observations on reproductive parameters of Cfurcatus, although limited to a small number of females, provide some indications of the performances of this species at different food conditions. The number of clutches (egg masses) produced by each female during her lifespan in the laboratory ranged from 1 to 8, with high variability among individuals (Figure 2A) . When feeding on a mixed suspension of G.nelsoni and Rhodomonas sp., Cfurcatus females produced, on average, more clutches at the lower (0.3 mm 3 1" 1 ) than higher (>1.0 mm 3 1" 1 ) food level (mean 5.6 clutches female" 1 and 2.4 clutches female" 1 , respectively). When females were offered unialgal diets at low concentrations (0.1 mm 3 1" 1 ), the mean number of clutches produced with a diet of G.nelsoni (6 clutches female" 1 ) was higher than with a diet of T.weissflogii (2 clutches female" 1 ) or Rhodomonas sp.
(1.5 clutches female" 1 ). When fed mixed diets, female lifespan in the laboratory was slightly higher at the lower food level (mean 21.3 days in comparison to 15.2 days) ( Figure 2B ). In the presence of a unialgal diet, longevity in the laboratory was much higher for females feeding on G.nelsoni (mean 22.3 days) than on T.weissflogii (mean 8.8 days) or Rhodomonas sp. (mean 8.0 days). The longevity of oceanic females in the laboratory varied notably between individuals, probably depending on the (unknown) age and past history of the animals. A few wild B Fig. X . Clausocalanus furcatus females photographed alive under the dissecting microscope with the egg mass wrapping the abdomen (A) and the muff-shaped mass of eggs removed from the abdomen (B). The SEM pictures show details of the egg mass (C) and of the contact surface between two eggs (D). Remains of the thin membrane surrounding the egg mass are visible in (D) (arrows). The copepods were fixed and prepared for the SEM according to the method described in Mazzocchi el aL (1995 females lived in the laboratory up to 54 days; the highest longevity for females from a laboratory generation was 40 days.
The overall time interval between the release of two consecutive clutches throughout the female lifespan in the laboratory ranged from 22 to 203 h. However, most of the total clutches produced (53.8%) were released every 1-2 days. The interval became longer at the end of the reproductive period and all females stopped producing eggs 5-10 days before death. Mean clutch size (eggs clutch" 1 female-1 ) was 6.5 (±0.5, n = 2), 17.2 (±8.5, n = 19), and 17.5 (±10.3, n = 4) for females feeding, respectively, on unialgal diets of Rhodomonas sp., G.nelsoni and T.weissflogii at 0.1 mm 3 1" 1 .
The mean residence time of each clutch on the female was 18 h (±13.8, n = 40). This can reasonably be considered as indicative of the egg development time, since from our observations the nauplii hatched only from eggs carried by the females. Eggs isolated from the parents never hatched, also when clearly viable because of the presence of embryos inside.
We reared Cfurcatus through four consecutive generations; a few juveniles (CI) of the fifth generation never moulted to adulthood without any clear reason. The development times of Cfurcatus feeding on a mixed diet of G.nelsoni and Rhodomonas sp. at 0.2 mm 3 H (each alga) at 20°C are reported in Table III . The offspring started to feed at NI, as shown by their gut content, similar to the cyclopoid Oithona davisae (Uchima and Hirano, 1986) . They survived and grew much better if left in the same environment with the parents. When isolated immediately after hatching and moved to environments with food {Rhodomonas sp.) but without adults, most of them died within a short time (1-2 days), with up to 87.5% mortality in 500 ml jars and up to 100% in 100 ml dishes. A few males matured in the cultures; they always appeared among the first adults, but disappeared after a few days. Our observations were insufficient either to measure the sex ratio in the cultured populations or to acquire biological information regarding the males.
To the best of our knowledge, the present study represents the first attempt to breed Cfurcatus successfully in the laboratory. Webber and Roff (1995b) obtained only one batch of eggs in culture flasks (230 ml) during their observations, confirming indirectly the difficulty in cultivating this small oceanic species. Significant findings of our observations are that Cfurcatus has a swimming behaviour which differs dramatically from that of other small calanoids, and that it feeds, reproduces and develops at low phytoplankton concentrations similar to those found in open-ocean environments. Clausocalanus furcatus females live longer and produce more clutches with a G.nelsoni diet than with the smaller Rhodomonas sp. and T.weissftogii. Moreover, they produce more clutches at lower (0.3 mm 3 I" 1 ) than at higher (>1.0 mm 3 I" 1 ) food concentration when feeding on a mixed diet. Clausocalanus furcatus females are successful at low food levels, as also reported for other small calanoids, such as Pseudocalanus newmani which reached maximum egg production rates at low T.weissflogii concentrations (50 ng C I" 1 ; Jonasdottir, 1989 ). However, Cfurcatus showed even lower energetic requirements during our study, since only 12.9 u.g C H {G.nelsoni at 0.1 mm 3 I" 1 ) were sufficient to sustain reproductive performances similar to those reported in the field, in different natural conditions. Indeed, the mean clutch size (17 eggs clutch" 1 ) falls in the range reported by Sazhina (1987 , Table 23 ) for the same species in the Indian Ocean (9-26 eggs clutch" 1 female" 1 ) and in the Atlantic Ocean (10-23 eggs clutch" 1 female" 1 ), and by Webber and Roff (1995b) in the Caribbean Sea (15 eggs clutch" 1 female" 1 ).
The development times of Cfurcatus from hatching to adulthood (13-21 days at 20°C) are in the same range as other small calanoids such as Paracalanus quasimodo (12-15 days at 1.0 and 0.1 mm 3 I" 1 of T.weissflogii, respectively; G.-A.Paffenhofer unpublished results), Paracalanus sp. (-24 days from field data in the Inland Sea of Japan at 8.9-28.2°C; Liang and Uye, 1996) , Pseudocalanus elongatus (19-21 days at 15°C; Ki0rboe and Sabatini, 1995) , Temora turbinata (21 days in the ocean at 18-27°C; Paffenhofer et ai, 1987) , and for most copepods in subtemperate regions (reviewed by Ianora, 1997) .
The daily ration of a Cfurcatus female (mean body carbon content = 3.6 ug) derived from our feeding experiments was 10.3 and 33.6% of the copepod's body carbon at the lower (12.9 ug C I" 1 ) and higher (25.8 ug C I" 1 ) food concentration, respectively. The outer shelf to oceanic Paracalanus aculeatus attained a maximum daily ration of 52.6% of its body carbon at a food concentration of 9.8 (ig C I" 1 (Paffenhofer et at., 1995) , thus being close to values of Cfurcatus. Our preliminary results cannot be generalized to different diets supplied to the same copepod species. Feeding rates on a particular prey may also be higher or lower in a mixture than when offered singly (Lampitt and Gamble, 1982; Paffenhofer, 1984) . However, low feeding rates in Cfurcatus were confirmed by successive grazing experiments conducted in Naples, showing a low daily ration in females feeding on a binary diet of other dinoflagellate species, such as Prorocentrum triestinum (3.8-11.7%) and Scripsiella sp. (1.5-2.1%) at 0.3 mm 3 H (M.G.Mazzocchi and M.Baiano, unpublished data). A comparably low ration (8.1% of body carbon) has been reported by Lampitt and Gamble (1982 , Table 1 and Figure 2) for Oithona nana fed on the dinoflagellate Prorocentrum micans at maximum ingestion rate. The low grazing and respiration rates measured for O.nana (Lampitt and Gamble, 1982) might be explained by the low temperature of 10°C and by the low level of activity, since Oithona spends a high proportion of time motionless. Clausocalanus furcatus displays the opposite behaviour, moving continuously and very quickly, performing quite differently even when compared to other similar sized calanoids (Tiselius and Jonsson, 1990; Paffenhofer et al., 1996) . Pseudocalanus routinely shows a 'hop-and-sink' motion, and it obtains food through a feeding current (Corkett and McLaren, 1978) . On the contrary, it is hard to imagine how Cfurcatus captures food, as it moves at high speed, taking only occasional breaks and not showing feeding currents. How a very low food intake can counterbalance the daily energy expenditures sustained by this copepod is a completely open question. As also reported for Oithona species [Lampitt and Gamble (1982) and references therein], Cfurcatus populations maintain high abundances in winter (Mazzocchi and Ribera d'AlcaHi, 1995) and in extremely oligotrophic waters such as the open Eastern Mediterranean Sea (Siokou-Frangou et al, 1997) , suggesting that the metabolic needs of this species are satisfied even at low primary production levels. Evidence that Clausocalanus spp. can rely not only on phytoplankton, but also on an animal diet, has been reported by Kleppel et al. (1988) [but see Juhl et al. (1996) for an assessment of pigment-based measures of omnivory]. Clausocalanus furcatus can persist in oligotrophic waters, where the trophic energy is mainly channelled through the microbial and protozooplankton components of the pelagic food webs. Our preliminary results may give insights about the success of this small calanoid in such environments.
